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ABSTRACT 

A code. referred to as FBCSIM, is being developed to predict large-scale atmospheric fluidized-bed combus- 
tor (AFBC) performance with fundamental fuel data from bench-scale test units as input. This work is carried 
out as a part of  AFBC fuels characterization program sponsored by the €lectric Power Research Institute 
(EPRI). The code accounts for the physics of fluidization, which is unit specific. and the chemistry of 
combustion, which is fuel specific. The code includes a 3-13 model and modules on bed hydrodynamics, 
chemical kinetics, solid distribution, and transport phenomena. The model for in-bed combustion incorporafes a 
two-region particle mixing formulation. The code lor in-bed combustion has been validafed for different AFBC 
unit sizes (0.1.2, and 20 MW) and different coals (two bituminous and a lignite). Sensitivity analyses have been 
carried out to identify the controlling variables and guide experimental work. Computer simulations have also 
been performed to delineate system response to operational parameters. 

INTRODUCTION 

Test results from small-scale to pilot plant AFBC units have proven the viability of fluidized-bed combustion 
technology for large-scale applications. However, commercialization of this technology has been slow due in 
part to concerns regarding scale-up for unit size and fuel type. To overcome this hurdle, Babcock 8 Wilcox 
(B8W) under the sponsorship of EPRl has developed an AFBC fuels characterization method (1)(2). The 
approach involves the generation of fundamenial fuel data using inexpensive bench-scale tests and the devel- 
opment of a mathematical model or performance code !Q hexh-sC2!e %?SL!!!S !O !.r.;e-scZ!e cpc:2:ion. The 
objectives are to 1) facilitate the optimal design of comme -size AFBC units, and 2) quantify the fuel flexibility 
of existing AFBC designs. For a review of the models reported in the llerature along with the rationale for the 
present model, the reader is referred to an earlier publication (3). 

FORMULATION 

The performance code (FBCSIM) under development for bubblingbed combustion comprises a model and 
four modules, and has been set up in this fashion so that it is easily adaptable to circulating as well as 
pressurized FBC. The first module evaluates hydrodynamics, which is unit specific. It accounts for fluidization 
regime, gas flow, bubble dynamics, and solids mixing characteristics. The second module deals with chemical 
kinetics (devolatilization, char combustion, and sorbent sulfation), which is influenced by coal and sorbent 
properties. The third module accounts for solids distribution in bed and above bed due to swelling, 
fragmentation, attrition, elutriation, and entrainment. The fourth module deals with transport phenomena such 
as interphase heat and mass transfer. For a given coal and specified operating conditions, the code seeks to 
predict overall combustion and sulfur capture efficiencies and combustion split and sulfur capture split between 
in-bed and freeboard. The first goal of this code development was to model in-bed combustion for the 
underbed-feed mode of operation. Additional goals are to model freeboard cornbustion, overbed-feed mode, 
and sulfur capture. The in-bed combustion model is described here. 

Model for In-Bed Combusllon 

The in-bed combustion model currently addresses undetbd feed with zero recycle. Future modlications will 
account for recycle. Figure 1 shows an idealization of the combustion sequence, and Figure 2 shows the 
corresponding conceptual model. The figures depict a unit cell defined as the bed cross section sewed by one 
feedpoint. Primary air enters the bed through a distributor plate, while coal palticles of a broad size distribution 
(typically 6.35 mm x 0, or 114 inch x 0) and transport air enter through the feedpoint. Based on a review of the 
pertinent physical and chemical time scales, it is suggested that these coal particles entering the bed be classi- 
fied in a binary fashion for modeling volatile release and heterogeneous combustion. Material_below the 
maximum elutriable size for the given operating conditions is termed ‘fines” and the larger size fraction is 
denoted as “coarse”. For example, at typical AFBC operating conditions, the fines would correspond to material 
passing through 30 sieve (590 microns). 
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The solids injected through the feedpoint fbw up through the bed and ditfuse laterally. The fines are consid- 
ered to be in plug flow. They heat up, devolatilbe, and bum while convecting axially and dispersing radially until 
they reach the bed surface and elutriate. The coarse particles also heat up and devolatilize as they mix above 
the feedpoint. If the coal contains a significant proportion of volatiles. a volatile-rich zone above the feedpoint 
could result. The volatiles released would rise as a plume and burn in a gaseous diflusion flame with the 
surrounding oxygen. Whether this plume closes within the bed or not would depend on the coal's ratio of 
volatile to fixed carbon, feedpoint spacing, and the bed operating conditions. Some coarse particles could l rag  
men1 during devolatilization if their size exceeds the critical stable size for fragmentation. The coarse char 
particles mix in the bed, generate flakes and fines due to combustion-enhanced mechanical attrition (CEMA). 
and combust in the oxidizing zone outside the plume until they reach the elutriable size. The flakes and fines 
resulting from CEMA are subject to the competing processes of combustion in the bed and elutriation to the 
freeboard. Therefore, feedpoint spacing has different implications for different coal ranks with regard to in-bed 
combustion. For low volatile coals or other solid fuels, the wider the feedpoint spacing, the lower the combus- 
tion of fines in the feed due to high concentration of fuel and low concentration of oxygen above the feedpoint. 
For high volatile coals. the occurrence of a volatile-rich plume additionally could diminish in-bed combustion. A 
video of the bed surface taken recently during 0.1 MW AFBC operation supports the conceptual model 
discussed above. 

To model in-bed combustion, it is necessary to properly account for the combustion of volatiles. devolatilied 
fines in the feed, and coarse char particles. These three components bum in a coupled fashion and the degree 
of combustion is governed by fluidization physics and fuel chemistry. The underlying physical and chemical 
processes are complex and not fully understood. Therefore, some simplifying assumptions have been 
introduced (3). Consequently, combustion is visualized to occur in two regions. The first region is where the 
physical processes of convection and dispersion of coal particles are important. This region lies directly above 
the feedpoint and provides the setting for coal particle heat up, volatile release, volatile combustion. and the 
combustion of fines in the feed. Although swelling and fragmentation could occur in this region, they do not in- 
volve an oxidation step and need not be considered here. The second region includes the whole unit cell, 
where the coarse char particles are uniformly distributed and undergo heterogeneous combustion in the 
oxidizing zone outside the plume. The unit cell coordinate geometry for the 3-D formulation is shown in Figure 
3. 

Considerable attrition occurs in underbed feed systems (1)(2). A distributed fracture model along with an ex- 
perimentally determined coal-specific attrition parameter are used to estimate the coal particle size distribution 
Fi(di) entering the bed. 

Realon 1. The formulation here corresponds to an adaptation of the model of Bywater (4). Five conservation 
equations are used to designate the problem. These are for the concentration of i) volatiles remaining in the 
coarse coal particles (Cvc., ii) volatiles remaining in the fines (Cd), iii) solid combustibles in the devolatilized 
fines (Ccf), iv) gaseous volatiles (C ), and v) oxygen (Co). The gaseous volatiles are assumed to combust 
according to the stoichiometric react&, 

[u kgl v o l a t i l e s  + ( 1  kq] oxygen * [ (wl )  kgl products. 1) 

Also the fast reaction or large Damkohler limit is presumed to apply. The hetergeneous combustion of 
devolatilied fines is considered to follow the reaction, 

[v '  kql combustible + 1 1  kq] oxygen 4 [(v'tl) kgl products. 2) 

The reaction order in oxygen is taken to be 0.6 based on the work of Daw (5). Finally, the classical treatment 
of Burke and Schumann (6) is applied to the combustion of gaseous volatiles. This lacilitates the description of 
a new variable, 

cgo = cg - KO. 
and reduces the number of variables (and equations) by one. 

The mass balance equations are normalied by defining the following variables: 
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where subscript i denotes the parameter value at feedpoint or distributor, Xb and yb are the length and width of 
the unl cell, and H is the bed plus splash zone height. 

The governing equations in dimensionless form are: 

* *  * *  * *  
+ kvc cvc Jc+ + kVf%fJf* - kocCgoIt 

where 

* 
go - 

Subject to the boundary conditions: 

G f ( x * , y * , o ) t * ~ o  fo r  0 5 x * *  < x - x& x; + 5 < x* 5 1, 

2 f -  2 
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* * * *  
for z* > I: s c ,  %f, accf, 5 0  = o at x* - 0 ,  1 

ax* ax* ax* ax* 

* * * *  
L c ,  L f ,  L f ,  S o  = o a t  y* - 0 ,  1 
ay* ay* ay* ay* 

a, p and q are dimensionless dispersion coelficients, k& and kcfare normalized devolatilization rate 
constants,k:fis a nondimensional rate constant for oxidation 01 combustibles in devolatilized lines, 4 and w are 
dimensionless sol i  to gas flux transfer parameters, Rli is the ratio 01 C ~ f i  and CM~ at the feedpoint. and k&is a 
normalized reaction rate constant for the depletion of oxygen in the bed due to coarse char particle combustion. 

The parameter J accounts lor the eHect of linite heating rate and the consequent delay in the onset of volatile 
evolution. It activates the volatile generation term when the particles have convected a distance that 
corresponds to the heatup time T. L and I are oWon switching parameten for the heterogeneous combustion of 
devolatilized fines and coarse char particles respectively. Equations 6 and 7 are coupled through the lines het- 
erogeneous combustion term and hence need be solved simultaneously. Finally, the last term in equation 7 
requires a trial and error procedure to match the coarse char particle combustion occurring in Region II. 

Region II. The objective here is to determine the rates 01 oxygen consumption and elutriatiin due to the het- 
erogeneous cornbustion of coarse char particles. This can be accomplished by carrying out solids population 
balances of the type proposed by Levenspiel, et al. (7)(8). 

The flow rates pertaining to the different steps of the combustion sequence are shown in Figure 4. Sorbent 
and ash particles are assumed to be inell for this analysis. Coarse coalpartides represenleg by (n-m) cut sizes 
undergo devolatilization. The inflow rate of cut i with mean diameter di is denoted as Fi(di). To simplify the 
analysis, swelling is decoupled from devolatilization. A differential mass balance for the devolatilization step 
yields: 

8) FwCai) = (1 - vi) Fi(ai) for i = ml, m+2, ..., n, 

where 9 is the gaseous volatile yield fraction lor the ith cut 

indicated. The number flow rate before swelling is related to the mass flow rate according to: 
Size as well as density change during welling. Therefore, a number balance rather than a mass balance is 

Nw(ai) = Fw(ai) / (hi 9) 

with hi = pcoal(l - q) and pcoal is coal density. 

From a steady state number balance, the number flow rate after welling Is: 

for i - ml, mt2, ..., n, 

with %(am) = 0. Sli is the swelling index for the ith cut sue. 

The corresponding mass flow rate is: 

148 



where P f i  - pwi / SI i3 .  

be negligible, therefore, 
For typical underbed teed sizes (6.35 mm x 0, or 114 inch x 0, experimental data indicates fragmentation to 

FcCai) - F f ( a i )  for i - m+l, m+2, ..., n, 12) 

and 

P c i  P f i .  

The model for char combustion would depend upon coal properties and is likely to correspond to either 
shrinking sue or shrinking core kinetics. Bench-scale experimental data suggest that a shrinking particle model 
would be a reasonable approximation for bituminous coals. A solids population balance carried out with the 
modification suggested by Overturl and Kayihan (9) tor discrete cut sizes gives: 

13) 
sc(ai) + E c ( a i )  ai + 3sC(ai) Mi/a i  

for i = n, n-1, ..., ( m l ) ,  rn, 

with Wc(an+l), = 0 and Fc(am) = 0. W&) is weight 01 char particles of size?$ in bed and Mi is size interval for 
ith cut. Tests in the 1- x 1- foot (1 x 1) and 6- x 6- foot (6 x 6) AFBC units at BBW indicate that the char content 
of the bed drain solis is very small, therefore, 

 ai) = 0 for i = n, n-1, ..., (ml) ,  m. 14) 

E&) denotes entrainment rate constant of char particles of size ai from the bed surface. The overall shrink- 
age rate Sc(di) is expressed as the sum of the shrinkage rates due to combustion and attrlion (10)(11): 

sccai) = sCc(ai) + scami). 15) 

Attrition rate here corresponds to the flakes and fines generated in the CEMA tests. The shrinkage rate tor 
char combustion according to a first order reaction is: 

where cob is the mean oxygen concentration in the bed, f,i is the weight fraction of equivalent carbon in char, 
Rmc is the external mass transfer coefficient, and R, Is the chemical rate coefficient for char combustion. 4 is 
a parameter that depends on stoichiometry and has a value between 3/8 for C + 02 -+ C02 reaction at the char 
surface and 3/4 for C + 112 O2 + CO reaction. 

The shrinkage rate due to attrition Sca(di) is: 
- 

S,(ai) kc,(% - w l / ( 3  fec i ) ,  17) 

where %a is CEMA rate constant for c a h n ,  uo is superlkial gas velocity. and umf is the superficial gas velocity 
at minimum fluidization. 

The flakes and fines generated due to CEMA seem to follow the Rosin-Rammler distribution. If qli and qrli 
are the weight fraction of flakes and_ tines of size a,, and ffl is the proportion of flakes in the attrited material. then 
the weighl of char particles ot sue d, by mass balance is: 
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for j = wl, m-2, ..., 1. 
The shrinkage rate Scc depends upon cob, the mean oxygen concentration in the bed which is not known a 

priori. so the procedure is to start with a guess value of cob and iterate in conjunction with Region I model until 
convergence. The flow charl for the computer code is given in Figure 5. Subroutines are listed within quotation 
marks. "FSATT" accounts for feed system attrition, "HYDRO' for bed hydrodynamics, "SOLDIS" for solids 
distribution, and "CHEMK" for chemical kinetics. "TRANSP" provides interphase heat and mass transfer 
coefficients and "TEMP" evaluates burning char particle temperature by energy balance. The code is written in 
FORTRAN and makes use of ACM Algorithm #565, PDEMO/PSETM/GEARB, for solving partial differential 
equations. Run times for in-bed performance simulations typically range from 2-6 CPU minutes on a DEC VAX 
11/785. 

To conserve space, the ensuing discussion will be qualitative and will not include equations. From the bed 
char weight distributions determined above, Ihe rate of oxygen consumption due to char combustion (woccll), 
char elutriation rate from the bed and the conversion of char in the bed (X,) are evaluated. It is assumed that 
any volatiles remaining in the coarse coal particles when they reach the bed surface (based on the solution of 
Equation 4) are released uniformly in the bed. The oxygen consumption rate due to this component is added to 
woccll to calculate the overall rate of oxygen consumption in Region I1 (wocll). 

By integrating the bed-surface concentrations computed in Region I ,  the fraction of the volatiles released in- 
bed from the fines (Xd), the conversion of gaseous volatiles in-bed (Xv), and the conversion in the bed 01 
combustibles in devolatilized fines (Xd) are determined. Also, the oxygen consumplion rate in Region I (wocl) 
is calculated by mass balance. The parametar k&is adjusted until woc values converge. Then the iteration for 
cob is performed until convergence. From the converged values for Xv, X C ~ ,  and Xc, the total in-bed carbon 
conversion (X,ic) and in turn the in-bed cornbustion efficiency (Eibc) are computed. 

Typical parameters for which the performance code requires input and their origin are indicated in Table 1 

VALIDATION 

The objective is to validate the performance code for different AFBC unit sizes and fuel types. The code 
predictions for in-bed combustion of Kentucky No. 9 coal are compared with experimental data from 1 x 1 
[Bawl, 6 x 6 [EPRVBaW, and 20 MWe [NNEPRI] AFBC units in Figure 6. The data correspond to a gas resi- 
dence time of about 0.5 Second based on superficial velocity. Good agreement is observed. The in-bed com- 
bustion efficiency tends to decrease with an increase in feedpoint spacing but does not exhibit a smooth varia- 
tion. The relatively high value obtained in the case of the 1 x 1 unit is due to lower gas velocity and lesser feed 
system attrition. 

Figure 7 presents the results for Texas lignite. The square symbol stands for experimentally determined in- 
bed combustion efficiency and the solid line represents the code predictions. Experimental values of the overall 
combustion efficiency are also plotted for comparison, Predicted in-bed combustion and experimental overall 
combustion efficiency curves diverge with an increase in superficial gas velocity. This implies increased free- 
board cornbustion at higher gas velocities. This is to be expected in view of the greater freeboard solids loading 
caused by CEMA, elutriation, and carry over of fines in the feed. Additional comparisons for Kentucky No. 9 
and Pittsburgh No. 8 bituminous coals have been presented in a previous paper (3). 

SENSITIVITY ANALYSIS 

ty over the range of parameter uncertainty is desirable to further evaluate the code, 
identify the controlling parameters, and guide experimental wok. The parameters which have significant impact 
on code predictions are anticipated to dtfer with AFBC una sue, design, and coal type. Therefore, a number of 
test analyses are required to generalize the results. Based on initial studies, the sensitivity 01 different 
parameters for burning Kentucky No. 9 coal in two different AFBC units (1 x 110.1 MW and 18 x la 20 MW,) 
are given in Table 2. Volatile conversion in-bed is typically complete (-100%) in the 1 x 1 AFBC unit and there- 
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fore its performance is primarily sensitive to char conversion parameters. WULT impacts char fraction and 
hence is important. Due to the large feedpoint spacing in the 20 MW, pilot plant, the parameter COFDO 
assumes a lead rote. It is difficult to combust fines in a short residence time and consequently DHOP exerts a 
considerable influence on performance of both units. 

SIMULATION 

The response of the 20 MWe pilot plant to changes in the fines content of the feed and feed system attrition 
coefficient are shown in Figure 8. COFATT of 11 .O corresponds to the extent of attrition that occurs in the 
current design. Clearly, it is beneficial to control the amunt of fines in the feed and reduce feed system attri- 
tion. Results of additional simulations pertaining to the operation of the unit will be presented in another paper 
(12). 

CONCLUSIONS 

A phenomenological code for predicting in-bed combustion performance of AFBC units has been developed 
and validated. It provides a measure of required in-bed heat transfer surface allocatiin. Work is in progress 10 
develop a freeboard combustion model. Future goals are to incorporate the effect of recycle and model 
overbed-feed mode and sulfur capture. The code is being tested and refined constantly based on new informa- 
tion and data. Upon completion, FBCSIM will become a versatile tool for performance simulation and design of 
fluidized-bed coal combustors. 
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TABLE 1. PERFORMANCE CODE INPUT DATA 

Model InDut Parameter DescriDtion Source 

Unit cell cross section 
Feedpoint location 
Bed temperature 
Coal feed rate 
Bed height 
Transport air 
Primary air 
Bed material density 
Bed weight 
Freeboard cross section 
Bed material size distribution 
Coal size distribution at 
the hopper 

Coal composition 
Coal density 
Higher heating value 

Coal attrition parameters 

Gas dispersion coefficient 
Solids velocity 
Solids dispersion coefficient 
Entrainment rate coefficient 

Coal particle heatup time 
Volatile yield 
Devolatilizatiin rate constant 
Volatile composition 
Char fraction 
Char reactivity 
Char composition 

Swelling index 
Fragmentation index 

CEMA rate constant 
Weight fraction of flakes 

Operating conditions Validation test 
conditions or 
design specifications 

Coal properties ASTM procedures 

F S A n  subroutine Feed System 
attrition tests 

Hydrodynamics module Literature 

Chemical kinetics 
module 

Chemical kinetics 
module 

Solis distribution 
module 

Fixed bed reactor 

Bench-scale AFBC unit 

Bench-scale AFBC unit 
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TABLE 2. SENSITIVITY ANALYSIS 

Parameter 

DBED 
DHOP 

COFATT 
ATTEXP 

COFUSC 
COFDSC 
COFDO 
COFUSF 
COFDSF 
COFUOE 

FRFLAK 
KCAN 
COFTAU 
WULT 
COFFW 
COFKV 
KVEXP 
SlULT 
COFRCCI 

RCCACT 

Ire2 

Operational 
Operatanal 

UnWFuel 
UnWFuel 

Hydrodynamic 

Fuel 

Dem'olion Semnlvny 

I x 1 BBW 20 MW? TVA 

Bed material mean size Negl Negl 
Coal leed size distnbuliin High High 

Feed system anrniwn men Medium High 
Feed system anrilwn exponent Medium High 

Coarse panicle velocity men Medium Medium 
Coarse patiile dispersion men LOW Medium 
Gas dispersion men 
Fines veloctly wen 
Fines dispersion men 
Emralnmenl ra1e men 

WeigM lractbn 01 CEMA liakes 
CEMA raw mnstanl 
Coal panicle heatuptime men 
Ullimale volatile yield 
Volatile yield mell 
Dewlaliiizatbn rate well 
Devolatiii2atwn rate exponem 
Swelliq index upper limn 
Char reacliiny (Pre-exponential 
laCtorlaClivaliin energy) 

LOW 
LOW 
LOW 
High 

Negl 
LOW 
Negl 
High 
Negl 
LOW 
LOW 
LOW 
High 

68 -91 

High 
LOW 
LOW 
Medium 

LOW 
LOW 
Medium 
LOW 
Negl 
Medium 
LOW 
LOW 
High 

63-65 

FINES 

RAW COAL 

CRUSHER 

DRIER 

Figure 1. Coal combustion sequence for underbed feed. 
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IN  THE FEE0 
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COARSE CHAR 

I - 1  8 COAL ANOTRANSPORTAIR 

Figure 2. Conceptual model of In-bed combustlon. 
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steps of the combustlon sequence - 
Region ii model. 
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Figure 5. Performance code fiowchan. 
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Figure 6. Comparison of performance code predictions with experimental data. 
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Figure 7. Comparlson of code predlctions with data. 
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Figure 8. Slmulation for coal hopper panicle size distribution. 
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